W HEN a farmer tills a field with a wheel-supported disc harrow or pulls a loaded wagon through a soft field, the speed and efficiency of his operation depend on the relationship between each tire and the soil. This varies with different wheels, changing soil conditions, and other factors. The object of this research was to determine the variables involved and thus give common ground for the study and comparison of the tire-soil relationships causing rolling resistance.
The principles of similitude as they apply to the theory of models (2)* were used to determine the variables. According to the Buckingham Pi Theorem, if a problem can be analyzed with the dependent variable as a function of the contributing independent variables, the variables can be arranged in a number of independent pi terms. The theory of models states that, for a model system and prototype system governed by the same controlling variables, if all independent pi terms are held equal for the two systems (i.e., all design conditions are satisfied), the independent pi terms will also be equal. Thus, if all variables have been identified and all design conditions have been satisfied, one can predict results for the prototype system by studying the phenomena on a model system. Conversely, if all variables have not been identified, all design conditions have not been satisfied, and the prediction equation will be invalid.
ANALYSIS
First, it was necessary to consider all the independent variables that could conceivably affect the dependent variable. The dependent variable considered here was rolling resistance R. The independent variables were divided into three groups: tire variables, soil variables, and external variables.
Tire Variables. The tread width B, tire diameter D, and tread configuration Xj were the geometric variables considered. The inflation pressure and Author's Note: The authors express their appreciation to B. F. Goodrich Co. and to Goodyear Tire and Rubber Co. for their courtesy in supplying the tires used in the research study reported in this paper. carcass stiffness were both known to affect the total tire stiffness; thus, a parameter measuring the resultant tire stiffness, spring rate K, was used. The wheel mass density p w was included to allow for the rotating force vector produced by the radial acceleration of the wheel mass. Soil Variables.
(1) A theory has been proposed that rolling resistance is a function of the energy used in compacting the soil; thus, the compaction C was considered. The soil particles were accelerated downward as the surface was compacted; therefore, the soil mass bulk density, p s , was included.
External Variables. The velocity V was included to allow for effects of rate of shear on soil strength. Load W was known to increase sinkage which directly affected rolling resistance. Gravitational acceleration g was considered because of its possible effect on surface phenomena.
Variables are summarized in Table 1 . According to the Buckingham Pi Theorem, the number of pi terms is equal to the number of variables minus the number of dimensions or 11 -3 = 8 77 terms. Following are the terms arranged in functional form:
The following design conditions were established: KD [1] [2]
[3]
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[7] It was obvious that it would have been impossible to satisfy Condition 5 as the soil conditions were varied. However, p w had been included to allow for the effect of the wheel mass acceleration and this was considered negligible because of the low velocities at which the tests were run. Condition 5, therefore, was disregarded.
Also Condition 6 and Condition 7 could not be satisfied simultaneously as soil conditions were varied. Assuming the compaction of the soil to be the controlling factor, all surface phenomena affected by gravity were considered negligible, and Condition 7 was disregarded.
Thus, the problem consisted of analyzing the following functional relationship:
Tests were made in the Model Tillage Laboratory at the Agricultural Engineering Building, Iowa State University (Fig. 2) . The soil was contained in a movable 3V2 x 14-ft bin operated on a 50-ft track. Power was provided by a 1-hp, variable-speed motor. A 4-speed transmission transmitted the power to a roller chain fastened to the bin. An infinite range of speeds up to 5 mph was available.
The soil renovating equipment was suspended over the tracks ahead of the testing area. This consisted of an electric-powered rotary tiller, an inclined leveling blade, and a power-driven roller.
The dynamometer (testing device) which was suspended over the tracks at the midway point, consisted of a parallel bar linkage with one leg fixed and one leg supporting the wheel (Fig.  3) . A platform on top of the free leg carried the vertical load. SR-4 gages situated on the tension and compression sides of the free leg and wired in the form of a Wheatstone Bridge measured the bending moment which was directly proportional to the rolling resistance.
An eight channel Offner Dynograph recorded all signals. A maximum sensitivity of 10 mv per cm was possible.
The five tires selected for the tests each had a straight ribbed tread to eliminate the tread variable. 
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profiles. Although it was not known how the difference in profile would affect the results, these two tires were considered as a model-prototype system to check the adequacy of D, B and K as descriptive variables (designated as Tires C m and C p ). A fifth tire tested had a D:B ratio between the two model-prototype systems and a tread profile similar to Tires A m and A p (designated as Tire B). Tire dimensions are given in Table 2 . Soil All tests were made in Congaree silt loam, an Alabama soil. The liquid limit and plastic limit were 55.5 and 33.7 percent, respectively. The moisture content ranged from 20.9 to 23.5 percent during testing. necting the wheel frame to the stationary frame.
Vertical loading of the wheel frame produced a vertical displacement identical with the tire deflection. This resulted in an angular displacement of the accelerometer with respect to gravity which was directly proportional to the tire deflection. This permitted the direct electronic recording of tire deflection.
Loads were applied in 10-lb increments for eight inflation pressures from 5 to 40 psi for each tire.
After plotting Load versus Deflection for each test, the spring rates were calculated (K = Load/Deflection), During the rolling resistance tests, if a design condition called for a particular spring rate, the proper graph was consulted to determine the necessary inflation pressure. The curves for one tire are shown in Figs. 5 and 6.
Measurement of C. A technique similar to that described by Nuttall and McGowan 3 was used to measure the compaction. It was desired to develop separate plates with sinkage characteristics analogous to each respective tire. Experience had shown that the interface area between the soil and a rolling tire approached an elliptical shape; thus, elliptical plates were made, with the major axes proportional to the diameters and the minor axes proportional to the tread widths of the respective tires.
Before each tire test a penetration test was made with the appropriate plate by using a powered plate penetrometer. The results were plotted in the form, P versus -=-(P = penetration Li pressure developed at any given depth, S = penetration depth, L = characteristic dimension of plate) (See Fig. 8 ).
One plate and one soil condition were arbitrarily designated as standard, and the value of C = 1.00 was assigned to that condition. Each curve was then assigned the value of C necessary to make it coincide with the standard p curve when plotted in the form --S ^ versus --(See Fig. 9 ).
Li
Thus, only relative values of compaction were used. Measurement of p s . The soil mass bulk density was measured by taking an undisturbed soil sample from the top 1.5 inches and measuring the mass on a balance. The mass bulk density was calculated from the measured mass and known volume of the soil sample. 
• TRANSACTIONS OF THE ASAE
ries all other pi terms were held constant. While it is true that each curve was obtained by varying a specific variable, each curve should be interpreted as the response to the combination of variables making up the pi term. A curve may be considered as a response to a specific variable in the independent pi term only if all other pi terms remain constant as that variable changes. PREDICTION 
RESULTS
In most model studies, all the variables are known and the object is to predict the effect of a change in these variables on a prototype by studying a similar change on a model.
The variables are combined into pi terms and tests are made on the model varying the various independent terms while the response of the dependent term is measured. These results are then used to predict the response of a prototype under similar conditions. However, in this case the object was to determine the variables involved by finding the variables that had to be included to give a good prediction. This was done by choosing a list of variables, forming them into pi terms and varying them one at a time over the same range for each tire. The results were then plotted in the form 7T\ versus 7T X (77 x = independent pi term) for each model-prototype system. If the curves coincided, an accurate prediction had been made, thus confirming the choice of variables. If they failed to coincide, the prediction was inaccurate, and the choice of variables was incorrect.
Shown below are sample sets of . CD curves representing a variation m--for the two model-prototype systems as well as the complete set for all five tires. As indicated in the plot for all five tires, the four curves representing tires A m , A p , B and C m all coincided to a fair degree. If all design conditions had been satisfied, it was expected that D the curves for tires C m -C p model-prototype system (dissimilar tread profile) was not as good.
In this case, the deviation ranged up to 30 percent. Although it appeared that the tire C p curve was out of place, it is hypothesized that actually it was the tire C m curve that was out of place and that it would have coincided with the tire Cp curve if the tire C m tread profile had been similar to the others. Conversely, it is hypothesized that the coincidence of the tire B curve with those for tires A m and A p resulted from the fact that all three tread profiles were similar even though the D: B ratios were dissimilar. The coincidence of the tire B curve with those for tires A m and Ap, and the lack of coincidence of the curves for tires C m and C p indicated that the tread profile is a more important variable than the D:B ratio for the dimensions considered here.
Thus, the degree of correlation achieved indicated that the variables assumed were adequate for the study and prediction of rolling resistance and sinkage. CONCLUSIONS 1. The degree of correlation between model predictions and prototype results was sufficient to indicate that the principles of similitude can be efficiently utilized to study rolling resistance.
2. The variables affecting rolling resistance are the following:
a Tire geometiy b Tire stiffness c Velocity d Load e Soil mass bulk density f Soil compaction 3. Soil compaction can be accurately described with relative values and can be measured with a plate penetrometer by using elliptical plates scaled proportional to the tire dimensions.
4. The tire stiffness can be completely described by the one parameter, spring rate,
